R enal dysfunction has long been a recognized feature of essential hypertension as first suggested by Dr Richard Bright's mid-19th century observations of small, shrunken, scarred kidneys associated with cardiac hypertrophy and the seminal studies in the 1930s by Dr Harry Goldblatt directly linking the kidney to chronic hypertension. Attention was originally and appropriately focused on the renal cortex, which represents more than 90% of the renal mass, is the site of glomerular filtration, and receives more than 95% or renal blood flow. Reductions of glomerular filtration and the morphological changes within cortical structures such as vascular medial wall hypertrophy, hyperplasia, and fibrinoid necrosis of the glomeruli have been well described, 1 especially in patients with chronic hypertension and glomerulosclerosis.
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By comparison, interest in the involvement of the renal medulla in the initiation and development of hypertension evolved much later and was stimulated by two different observations. First, studies in the 1960s by Dr Eric Muirhead showed that the medullary interstitial cells produced an antihypertensive principle that he called medullipin. 2 Second, studies by our own group in the mid-1980s reported that renal medullary blood flow (MBF) was importantly linked to the phenomena of pressure-natriuresis and diuresis and that MBF was reduced in several forms of experimental hypertension. 3, 4 Before these studies, the physiological importance of the renal medullary circulation was focused on the unique countercurrent structure of the vasa recta vessels as first appreciated in the 1950s by Hargitay and Kuhn 5 and Wirz et al, 6 who introduced the modern concept of the urinary concentrating mechanism. Subsequent studies have shown that the structure-function relationships of the outer medulla make this region especially vulnerable to chronic ischemia and tubulointerstitial injuries. 7 MBF was found to be a critical requirement for an adequate O 2 delivery to match the high metabolic needs of the outer medulla, where nearly 33% of the filtered NaCl is reabsorbed by the medullary thick ascending limbs (mTAL) of Henle. 8 This unique vulnerability to ischemia within the renal medulla is magnified by a hematocrit of only 26% in the vasa recta vessels 9 and by O 2 shunting that occurs between descending and ascending vasa recta contributing to a steep pO 2 gradient from the cortex to the outer medulla and the papilla (45 to 32 to Ͻ10 mm Hg). 8, 10, 11 This vulnerability to ischemia is believed to be one of the important reasons that tubulonterstitial injuries occur in the outer medulla during the early development of hypertension in rats 12 and man. 13 The purpose of this review is to summarize and emphasize what is new and relevant regarding the role that MBF plays in pressurenatriuresis. I will review recent evidence of the importance of local medullary production of nitric oxide (NO), superoxide (O 2 ⅐Ϫ ), and hydrogen peroxide (H 2 O 2 ) on these mechanisms and their relationship to hypertension and renal injury.
Role of the Renal Medullary Circulation in Pressure-Natriuresis and Sodium Homeostasis
Red cell velocity through large thoroughfare single vasa recta vessels is maintained relatively constant 9, 14 as renal perfusion pressure is increased from 100 to 150 mm Hg, but there is marked recruitment of previously unperfused descending vasa recta capillaries and an increase in total perfusion to the renal medulla. 9 Overall blood flow to the renal medulla of the rat is poorly autoregulated, such that increases of renal perfusion pressure are transmitted to the vasa recta circulation, a phenomenon that is exaggerated in the volume expanded state. 3, 4 As renal perfusion pressure and vasa recta flow increase, there are consequent elevations of vasa recta capillary hydrostatic pressure which lead to parallel increases in renal interstitial hydrostatic fluid pressure (RIHP) attributable to a net filtration of fluid into the renal interstitial space. 3, 15, 16 This rise of RIHP, albeit small (Ϸ5 to 6 mm Hg), 15 is sufficient to signal within seconds a rapid decrease in sodium transport in the proximal tubule and in the deep loops of Henle. 17, 18 Recent studies found that this proximal tubular reduction of sodium transport results from an increase of 20-HETE production within the tubules of the renal cortex triggered by the increases of RIHP. 19 20-HETE inhibits Na ϩ K ϩ -ATPase activity by protein kinase C-induced phosphorylation of the serine 23 residue in the enzyme 20 resulting in the internalization of the sodium/hydrogen exchanger from the brush border. 19, 21 Removal of the renal capsule, which blunts the overall increase in RIHP, reduces pressure-natriuresis by 50% because the RIHP signal for 20-HETE stimulation is uncoupled. The mechanisms respon-sible for the remaining reduction of NaCl reabsorption are less clearly understood but micropuncture studies have demonstrated that this occurs in the loops of Henle of deep medullary nephrons and may be coupled to washout of the medullary solute gradient that affects the passive reabsorption of sodium in this portion of the nephron. 3 Some investigators have found similar relationships between renal perfusion pressure and MBF in dogs, 22 whereas others have not. 23 However, the results of numerous studies in rats have been consistent, and although influenced by the state of hydration these results indicate that changes of medullary blood flow provide the signal for the pressure-natriuresis response and are the vital link to the long-term control of sodium excretion and arterial blood pressure.
Medullary Blood Flow in Hypertension
Pallone et al 24 first demonstrated that descending vasa recta when isolated from outer medullary vascular bundles were capable of constricting at various foci when exposed to contractile agonists. It has since been shown that this is mediated by contraction of vasa recta pericytes. 25, 26 The vasa recta capillaries are thereby capable of exerting regional control of blood flow to the renal medulla.
The role of the renal medullary circulation in hypertension remained poorly understood until the development of laserDoppler flowmetry techniques that allowed for continuous measurement of blood flow in discrete areas of tissue (approx 1 mm 3 ) in a relatively noninvasive manner. These techniques rely on the Doppler shift imparted to monochromatic light by backscatter from moving red blood cells (RBCs) in a localized area of tissue. As described elsewhere in detail, 27 with the implantation of either acute or chronic optical fibers into both the cortical and medullary tissue it is possible to measure small changes in regional capillary RBC density, velocity and flux in different regions of the kidney, albeit not as an absolute measure of flow. Importantly, these techniques have enabled the continuous measurement of changes of blood flow to both the renal cortex and medulla in the same animal and are now the most prevalent method for measuring regional perfusion of the kidney.
Using these techniques, reduced medullary blood flow (MBF) was observed in several genetic forms of hypertension. Anesthetized spontaneously hypertensive rats (SHR) exhibited reduced MBF even at 3 to 5 weeks of age compared to normotensive WKY rats, 28 which was further reduced at 6 to 9 and 12 to 16 weeks of age. Because pressure-natriuresis was reduced even in the youngest age group, these findings suggested that reduction of MBF contributed to a reduction of excretory function and to the development of hypertension in SHR. As techniques for chronic implantation of the optical fibers into both the cortex and the medulla were developed, 29 it became possible to measure the sequential changes of regional blood flow in unanesthetized rats. When the ACE inhibitor captopril was infused chronically into the medullary interstitial space of a single remaining kidney of SHR, 29 MBF increased by 40% without altering cortical blood flow. This resulted in a 50% reduction of mean arterial pressure and a leftward shift of the steady-state pressure-natriuresis-diuresis relationship, whereby sodium and water balance were achieved at a mean arterial pressure of 130 mm Hg. Because intravenous infusion of captopril in SHR at the same dose had no effect on MBF, cortical blood flow, or arterial pressure, it was concluded that these antihypertensive actions of captopril were attributable to the improved perfusion of the renal medulla.
The role of the medullary circulation in the development of hypertension in the Dahl salt-sensitive (SS) rat has recently received much attention. SS rats mimic human salt-sensitive forms of hypertension that are particularly prevalent in black individuals. 30 Neither Dahl salt-resistant (DR) nor Sprague Dawley rats exhibit significant changes of MBF in response to increases of salt diet 31, 32 indicating that increases of MBF are not normally required to achieve long-term sodium homeostasis. However, in SS rats, sequential measurements of MBF and cortical blood flow in response to an increase of daily NaCl intake (from 0.4% to 4.0% of diet) resulted in nearly a 30% reduction of MBF over the first 24 to 48 hours after switching to the high-salt diet. 31 When the reduction of MBF in SS rats was prevented by the chronic intramedullary infusion of L-arginine, salt-induced hypertension was prevented as discussed below. 31 These studies have shown that reductions of MBF can have a profound effect on the long-term control of arterial pressure in these commonly used genetic rat models of hypertension. Although such data have not yet been obtained in human subjects, it would be of great interest to evaluate MBF in human hypertension as this may be possible using noninvasive imaging techniques such as electron beam computer tomography. 33 
NO Is a Major Determinant of MBF and Sodium Excretion
Among the many factors that can influence MBF, NO is currently the most studied. There is considerable evidence that NO production within the renal medulla plays a major role in the regulation of MBF and protects this region from ischemic injury. 34 The highest levels of NOS activity are found in the medullary collecting ducts. 35 NOS activity is 26 times higher in the inner medulla and 4 times higher in the outer medulla than in the renal cortex of Sprague-Dawley rats. 34 In vivo microdialysis of renal interstitial fluids using a hemoglobin-trapping technique found NO to be twice as high in the renal outer medulla as in the cortex. 36 This method of NO quantitation based on a stoichiometric interaction of NO with oxyhemoglobin thereby forming methemoglobin is the method of choice for measuring renomedullary NO, 36 although NO microelectrode sensors have also detected nearly 3-fold differences between these 2 regions. 37 The high levels and wide range of NO concentrations found within the medullary tissue play an important role in the regulation of MBF and sodium excretion. Chronic intravenous administration of the nitric oxide synthase inhibitor N-G-nitro-L-arginine methyl ester (L-NAME), at a dose that produced no change of cortical blood flow, resulted in a sustained 30% reduction of MBF with a subsequent reduction in sodium excretion and chronic hypertension. 38 Chronic intramedullary infusions of L-NAME into a single remaining kidney of Sprague Dawley rats resulted in a 30% reduction of MBF with no change of cortical blood flow resulting in sodium retention and hypertension. 39 The implication of this study is that although NO production may be altered in other regions of the body, dysfunction of this system in the renal medulla alone can have a global impact on the entire cardiovascular system. This concept becomes important when considering the pathophysiological basis of hypertension in genetic salt-sensitive forms of hypertension, such as in the Dahl salt-sensitive rat model discussed below.
Inhibition of renal NOS activity produces an immediate reduction of sodium excretion by reducing tubular Na ϩ transport in the medullary thick ascending limb. 40, 41 Responses to changes of NO production in the proximal tubule remain controversial. 42 These antinatriuretic responses are associated with parallel reductions of medullary blood flow. 34, 39 Together, these effects account for the salt sensitivity that occurs with chronic inhibition of NOS activity as seen by the reduction in the slope of the pressure-natriuresis relationship in Sprague Dawley rats. 43 The opposite is also observed in Dahl S rats when medullary NO production is enhanced by medullary infusion of L-arginine which abolishes salt-induced hypertension. 31 The powerful effects of NO on the acute and chronic pressure-diuresis relationship suggested that it may be a mediator of pressure-natriuresis. 44 This idea is consistent with observations that an increase in vascular wall shear stress results in enhanced NO production. 45 It is also consistent with observations that the natriuretic response to acute elevations in arterial pressure is greatly attenuated with acute inhibition of NOS. 46, 47 To further support mediation of pressurenatriuresis by NO, it was reported that increases of renal perfusion pressure resulted in increased urinary excretion of nitrate and nitrite and cortical NO levels as determined by tissue microelectrodes. 48 Despite these associations, support for this theory was considerably reduced when the work of Guarasci and Kline demonstrated that the slope of the pressure-natriuresis relationship remained intact in rats treated either acutely or chronically with L-NAME. 43 Other investigators have also repeatedly confirmed that L-NAME substantially decreased sodium excretion and renal interstitial pressure if renal perfusion pressure was maintained constant; however, the more usual response to L-NAME is natriuresis as systemic pressure increases. The pressure natriuretic response typically associated with L-NAME administration, despite blockade of intrarenal NOS activity, strongly argues against the view that NO is the mediator of this response. Overall, the available data support the importance of NO as a modulator of pressure-natriuresis, but not as an essential mediator of pressure-natriuresis.
Role of NO in Buffering Actions of Vasoconstrictor Hormones
In addition to its important role in modulating pressurenatriuresis, medullary NO production is also important in protecting the kidney from inappropriate reductions of MBF and ischemia in the face of physiological increases of circulating vasoconstrictor agents. This is perhaps best illustrated by observations that angiotensin II (Ang II) and norepinephrine can both reduce diameters of isolated perfused vasa recta 25 but have little effect on MBF when infused intravenously at doses that cause a substantial reduction of cortical blood flow. 10, 49 The reason for these minimal in vivo effects on MBF can be explained by stimulation of medullary NO production, as shown by a number of studies as described in a previous review. 34 The importance of NO in buffering the vasoconstrictor actions of circulating hormones has also been observed in studies with arginine vasopressin (AVP). In contrast to Ang II and norepinephrine, AVP when administered in low nonpressor amounts produces significant reductions of MBF, a response mediated via vasopressin V1 receptor stimulation 50 despite an immediate stimulation of NO production in the renal medulla. 50 When administered over several days, the acute medullary vasoconstrictor effects of AVP were not sustained and only a transient elevation of arterial pressure was observed, 51 consistent with many reports of failure to produce hypertension with chronic administration of this peptide. 50 This "escape" from both volume retention and hypertension may be mediated in part by a progressive upregulation of a V2 receptor-, Ca 2ϩ -dependent pathway mediating NO production. 52 In the absence of V2 receptor stimulation, chronic infusion of a specific V1 receptor agonist in Sprague Dawley rats produced a sustained reduction of MBF and chronic hypertension. 51 Consistent with these observations, the only situation in which chronic infusion of AVP has been found to produce sustained hypertension in the presence of normal kidneys is when medullary NOS activity was reduced. That is, intravenous infusion of AVP at low doses in uninephrectomized Sprague Dawley rats receiving a continuous infusion of L-NAME into the renal medulla resulted in sustained hypertension. 53 There are undoubtedly other situations in which medullary NO production protects this region of the kidney from ischemia. It is known, for example, that NO produced in the inner medullary collecting duct cells protects the medulla from the vasoconstrictor actions of endothelin. 54 It appears, therefore, that the ischemic actions of a variety of hormonal and paracrine factors are buffered by NO production although the pattern of these responses may differ depending on the specific stimuli.
Other Endogenous Systems Available to Protect Perfusion of the Renal Medulla in Face of Vasoconstrictor Influences
In addition to NO production, a number of other paracrine or autocrine systems may participate in the regulation of MBF, pressure-natriuresis, and in protection from medullary ischemia. Cyclooxygenase (COX-2) is highly expressed in the renal medulla, 55 and prostaglandin E2 (PGE2) is present in high concentrations in the medullary interstitial cells of the kidney. 56 Intramedullary infusion of PGE2 increases MBF and counteracts the vasopressor actions of Ang II. 57 Rats pretreated with the cyclooxygenase inhibitor meclofenamate exhibit enhanced vasoconstrictor sensitivity to circulating Ang II. 57, 58 Similar responses have been observed with kinin receptor antagonists. 58, 59 Levels of hemoxygenase (HO) are also present at nearly twice the concentrations in the renal medulla than in the cortex. 60, 61 Inhibition of medullary HO by ZnDPBG reduces MBF in Sprague Dawley rats. 60 The production of medullary carbon monoxide (CO) via the hemoxygenase pathway also appears to protect the renal medulla from oxidative stress. 62 Mice with targeted overexpression of HO-1 in mTAL cells were able to significantly attenuate oxidative damage induced by Ang II. 63 HO-1 in Ang II-stimulated O 2 Ϫ production within the renal medulla was also reduced by induction of HO-1 with cobalt protoporphyrin (CoPP). 62 We have found that endogenous medullary adenosine increases MBF via stimulation of adenosine A2 receptors resulting in a natriuretic response that overrides tubular adenosine A1 receptor-mediated antinatriuretic effects. 64 Although poorly understood at this time, ATP has also been reported to influence MBF whereby exogenous ATP increased MBF in rats fed a low salt diet (mediated by purinergic P2Y receptors) and had the opposite effects in rats fed a high salt diet. 63 The NOS, COX-2, and HO enzyme pathways have all been found to be upregulated in response to high salt intake. 36, 55, 61, 65, 66 Inhibition of any of these pathways within the renal medulla reduces sodium excretion and when inhibited chronically produce salt-sensitive hypertension. 55, 61, 65, [67] [68] [69] There is also good evidence that the hypoxia inducible factor (HIF)-1 ␣, the master regulator of many oxygen-sensitive genes, is highly expressed in the renal medulla. 70, 71 HIF-1 ␣ has been found to be importantly involved in the regulation of oxygen-sensitive genes such as NOS, COX-2, and HO. 72, 73, 74 In addition, recent studies show that transfection of a decoy of HIF-1␣ into the renal medulla of a single remaining kidney of Sprague Dawley rats in amounts that reduced the expression of this transcription factor by 45%, resulted in a blunting of pressure-induced increases of MBF and sodium excretion by 50% and 37%, respectively. 69 High-salt diet-stimulated protein medullary transcription levels of NOS-2 and HO were shown to be reduced by 70% and 61% in these rats. In chronic studies, a high salt intake (8% NaCl) resulted in sodium retention, and mean arterial pressure rose to levels of 154 mm Hg over 10 days of hypertension. Decoy rats fed a normal salt diet did not develop hypertension, nor did control rats (scrambled decoy). 70 It appears, therefore, that in addition to NO, a number of redundant systems have evolved to protect the renal medulla from ischemia, all orchestrated by HIF-1␣ in this region of the kidney. However, the relative importance and contribution of each of these systems in response to different stimuli remains to be determined.
Vulnerability to Renal Medullary Ischemia Determined by Genetic Predisposition
Inbred salt-sensitive Dahl S (SS) rats exhibit one-third the levels of NOS enzyme activity in the outer medulla compared to inbred salt-resistant Brown Norway rats. 75, 76 The mRNA and protein for each of the 3 NOS isoforms is also significantly less in the outer medulla. 75, 76 While basal medullary tissue NO levels did not differ between rat strains, the stimulatory actions of Ang II on medullary NO production were substantially blunted in SS rats. 76 The consequences of this reduced buffering capacity of NO within the renal medulla renders the SS rat more sensitive to small elevations of circulating vasoconstrictor agents. Ang II, when chronically infused intravenously to SS rats at a dose that fails to increase mean arterial pressure in the salt-insensitive Brown Norway (BN) rats or Sprague-Dawley rats, produced sustained hypertension in SS rats. 76 Similar studies with chronic IV infusion of AVP in SS rats maintained on a 0.4% salt diet found that a 20-mm Hg sustained hypertension occurred over the 16-day study. 75 These were remarkable findings because this was the first time that AVP had been found to produce sustained hypertension without pharmacological manipulations or surgical reduction of renal mass. The substantial importance of the reduced NO production in the development of hypertension in the SS rat was demonstrated when NO production in the renal medulla was restored by chronic infusion of L-arginine into the renal medulla of a single remaining kidney of the SS rats. Restoration of NO production within the renal medulla prevented salt-induced hypertension in the SS rat. 31 The specificity of this effect to the renal medulla was demonstrated by control studies in which the same amount of L-Arg administered intravenously failed to prevent salt-induced hypertension in the SS rats. 31 These results are consistent with observations that large doses of either orally or intravenously administered L-Arg blunt pressure-natriuresis and reduce salt-induced hypertension in SS rats. 77 It has been puzzling that this can occur because intracellular L-Arg (100 to 3800 mol/L) 78 is much greater than the K m of NOS for L-Arg (Ͻ5 mol/L), 79 and it has been thought that L-Arg levels are not rate-limiting. There is now evidence, however, demonstrating that NO production in the renal medulla of rats is limited by L-Arg substrate levels. 80 It was found in these studies that NO concentration in the renal medulla of the anesthetized rat was decreased by renal medullary interstitial infusion of competitive inhibitors of the cationic amino acids transporters such as L-ornithine, L-lysine, or L-homoarginine. More importantly, NO production in the renal medulla increased when exogenous L-Arg was infused into the renal medulla.
It is likely that the COX-2 and HO-1 pathways behave in a similar manner, but there is a dearth of such data regarding their role in the regulation of MBF and salt-sensitive forms of hypertension in genetically inbred rats or in human subjects. However, there is presently a general understanding that all of these medullary protective enzymes play critical roles in regulating MBF and tubular activity and are essential in sodium and water homeostasis and in the regulation of arterial pressure.
Medullary Production and Actions of Superoxide
The production of superoxide (O 2 ⅐Ϫ ) plays an important role in determining MBF and sodium excretion. Abundant basal amounts of O 2 ⅐Ϫ are found within the medullary tissue under normal conditions. 81, 82, 83 Intramedullary infusion of the O 2 ⅐Ϫ scavenger Tiron in anesthetized rats increases MBF and sodium excretion, suggesting that even basal levels of tissue O 2 ⅐Ϫ production may participate in the maintenance of these parameters. 83 Conversely, increased levels of O 2 ⅐Ϫ within the renal medulla produced by intramedullary infusion of the SOD inhibitor DETC results in reduction of MBF and antinatriuresis 83 and when administered chronically produces hypertension. 84 Consistent with these observations, increased tubular production of O 2 ⅐Ϫ was shown to stimulate Na ϩ reabsorption in medullary thick ascending limb (mTAL), a response mediated through activation of the Na/K/2Cl cotransporter 85 and a PKC-␣ pathway. 86 The source of O 2 ⅐Ϫ in the renal medulla was found to be primarily from NAD(P)H-oxidase and mitochondrial respiratory chain enzymes. 83 ,87,88,89 NAD(P)H-oxidase-derived O 2 ⅐Ϫ appears to increase Na-K-ATPase activity in the medulla by reducing availability of NO. 90 
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⅐Ϫ derived from mitochondria, but not NADP(H)-oxidase, mediate hypertonicityinduced phosphorylation of MAP kinase and the stimulation of COX-2 expression. 91 The observed NO stimulation of COX-2 in collecting duct cells appears to be mediated through mechanisms involving MAP kinase and O 2 ⅐Ϫ rather than a GMP. 92 As reviewed below, we are just beginning to define the role of increased metabolic activity related to sodium transport in the mTAL, the effects of mechanical factors (shear stress, stretch, deformation), and the effects of local oxygen availability on mTAL-O 2 ⅐Ϫ production. The functional consequences of elevations of O 2 ⅐Ϫ within the renal medulla are clear. An immediate reduction of sodium excretion occurs with acute intramedullary infusion of DETC 83 to raise tissue O 2 ⅐Ϫ levels along with a 50% reduction of MBF. Sustained hypertension results with intramedullary infusions of this SOD inhibitor. 84 Medullary O 2 ⅐Ϫ levels were measured in interstitial fluid collected by microdialysis in the latter study by determining the rate of conversion of the fluorescent O 2 ⅐Ϫ -sensitive dye dihydroethidium (DHE), to oxyethidium and interstitial O 2 ⅐Ϫ was found to be elevated nearly 8-fold above basal levels. 84 Prehypertensive SS rats exhibit O 2 ⅐Ϫ levels in the outer medulla that are significantly higher than levels in the inbred control, consomic salt-insensitive SS.13 BN rat strain, as determined by tissue oxyethidium production and by tissue lucigenin chemiluminescence analysis. 81, 82 Time resolved fluorescence videomicroscopy techniques used to determine the rates of change of DHE to ethidium fluorescence found that mTAL of SS exhibit greater rates of O 2 ⅐Ϫ production compared to SS.13 BN rats, 93 consistent with observed elevations of urinary 8-isoprostane levels in SS rats. 94 Furthermore, oral administration of the SOD mimetic, tempol, has been found to reduce salt-induced hypertension in SS rats, 95, 96 although results using this compound are confounded by nonspecific effects 97 discussed below. Both O 2 ⅐Ϫ and H 2 O 2 production within the renal medulla appear to contribute importantly to the salt-sensitivity of the SS rat. NAD(P)H-oxidase appears to account for most of the enhanced O 2 ⅐Ϫ production in the medulla of SS rats. 81, 82 Inhibition of this enzyme by chronic intramedullary infusion of apocynin resulted in a 50% reduction of salt-induced hypertension in SS rats. 81 Apocynin has been traditionally used to inhibit NAD(P)H-oxidase, although it has been found recently to act as an antioxidant in endothelial and vascular smooth muscle cells as a consequence of a lack of myeloperoxidase to convert the prodrug to an active dimer in these cells. 98 However, this is not likely to be an important issue in intact renal interstitial tissue of SS rats which contains abundant leukocytes. 12, 99 Leukocytes contain high levels of myeloperoxidase activity enabling the conversion of apocynin to the active dimer required to inhibit NADP(H)-oxidase. 100 Outer medullary tissue mRNA levels of both the membrane (gp91 and p22) and cytosolic (p47) subunits of NAD(P)H-oxidase were greater in SS rats compared to salt-insensitive control SS.13 BN rats. 81 Protein levels of p22 and p47 and NAD(P)H-oxidase enzyme activity were found to be significantly higher within the renal medulla of SS rats. 81 O 2 ⅐Ϫ levels in the medulla of SS rats are further enhanced by reduced protein levels of SOD and catalase as determined by Western blot analysis. 81, 94, 96 In hypertensive SS rats fed a high 4% salt diet for 3 to 6 weeks, outer medullary tissue O 2 ⅐Ϫ and H 2 O 2 levels were further increased to levels 2-to 3-fold higher than measured in the prehypertensive (0.4% salt diet) state. 81, 94 Increased levels of oxidative stress are further driven in the outer medulla of SS rats by NOS uncoupling as reflected by increased concentrations of BH 2 , reduced ratios of BH 4 /BH 2 , and reduced tissue O 2 ⅐Ϫ production following NOS inhibition with L-NAME. 82 The mechanisms responsible for initiating this excess production of O 2 ⅐Ϫ and H 2 O 2 , and the related reduction of NO bioavailability, are only now becoming understood. It is recognized that 20% to 25% of filtered NaCl is reabsorbed within the mTAL with as much as 75% of this reabsorption attributed to the Na/K/2Cl cotransporter and about 25% attributed to the Na/H apical exchangers (NHE). 101 Exposure of isolated mTAL of SD rats to increased bath concentrations of NaCl within a physiological range stimulates O 2 ⅐Ϫ production. 102 Physiological increases in the luminal sodium concentration from 60 to 149 mmol/L/L at a fixed luminal flow rate resulted in an increased production of O 2 ⅐Ϫ in isolated microperfused mTAL, 103 whereas concurrent reductions in mTAL NO production were observed. Increases of luminal flow independent of changes in NaCl concentrations also stimulate production of O 2 ⅐Ϫ production within the mTALs. 103, 104, 105 Recent studies have found that activation of Na-K-2Cl transport along with stretch-induced mechanical factors contribute equally to increased O 2 ⅐Ϫ production. 104,105 SS rats exhibit enhanced Cl Ϫ reabsorption in the loop of Henle, 106, 107 increased renal Na/K-2Cl transporter activity, 108 and overexpression of the ROMK channel. 109 Na-K-2CL cotransporter activity is enhanced in mTAL by O 2 ⅐Ϫ . 110 Together, these observations suggest that a high-salt diet, which increases delivery of NaCl to mTAL, also increases O 2 ⅐Ϫ production and that this is exaggerated in the mTAL of SS rats. The consequences of these enhanced levels of oxidative stress as described below would be expected to reduce NO bioavailability and contribute importantly to observed reduction of MBF, 31 reduced sodium excretion, and hypertension. Furthermore, the interstitial fibrosis found in the outer medulla early in the development of hypertension in SS rats 12 is related to an excess production of O 2 ⅐Ϫ in the region of the outer medulla. 94 
Medullary Actions and Consequences of H 2 O 2
H 2 O 2 is produced in the renal medulla from the SOD dismutation of O 2 ⅐Ϫ and possibly via certain oxidases through
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The Renal Medulla and Hypertensiona 2-electron reduction of O 2 . eNOS could also be a source of H 2 O 2 production, as found within arterioles of the mesenteric circulation, although this has not yet been shown to be the case in the kidney. 111 The chemical activity of H 2 O 2 favors its role as an oxidant and because it is relatively stable in aqueous solutions and lipophilic, it can diffuse out into the interstitial space and subsequently to the blood vessels. H 2 O 2 produces either vasodilation or vasoconstriction depending on the concentrations used and the vascular bed studied.
Vasodilator effects are observed within the coronary circulation 112 and in the mesenteric 113 and skeletal muscle arterioles, 114 and H 2 O 2 is viewed as an important endotheliumderived hyperpolarizing factor within the heart. 112, 115 This response occurs through the activation of a calciumdependent K ϩ channel 113 and is thought to occur via a redox mechanism involving thiol oxidation by H 2 O 2 . 115 Conversely, vasoconstrictor effects have also been observed within the mesenteric 111, 113 and skeletal muscle arterioles. 111 The vasoconstrictor responses are thought to be mediated by tyrosine phosphorylation and cyclooxygenase products, including thromboxane 116 because such a response has been blocked using TxA 2 receptor blockers, thromboxane synthase inhibitors, and cyclooxygenase inhibitors. 111, 113 Some of the reported regional differences in responses to H 2 O 2 may be explained by the doses used in various studies because biphasic responses have been found in both the mesenteric circulation 113 in which constrictor responses occur at lower doses of H 2 O 2 (10 to 100 mol/L) whereas vasodilator responses predominate at concentrations above 0.3 mmol/L. Removal of the endothelium did not eliminate the biphasic response. Similar biphasic responses are observed in skeletal muscle arterioles. 114 Until recently, the role of H 2 O 2 within the renal medulla has received little attention. H 2 O 2 levels in microdialysate of the renal medullary interstitial fluid appear to range between 50 to 300 nmol/L. 94, 117 Medullary interstitial infusion of H 2 O 2 in Sprague Dawley rats, at a dose that increased H 2 O 2 concentrations in renal medullary dialysates from 116 nmol/L to 211 nmol/L, decreased MBF, and reduced urinary flow and sodium excretion. 117 H 2 O 2 produced from within the mTAL could be expected to diffuse more widely than the highly reactive and unstable O 2 ⅐Ϫ radical, although tissue catalase levels within the outer medulla of the kidney are known to be rather high. 82 A role for H 2 O 2 in the regulation of MBF was first suggested when administration of the membranepermeable SOD mimetic, tempol, into the renal medulla was unable to prevent hypertension induced by local medullary inhibition of SOD (by DETC) even though medullary tissue O 2 ⅐Ϫ levels were reduced to normal levels. 84 Involvement of H 2 O 2 was revealed when it was found that DETC-induced hypertension could only be prevented when catalase was chronically infused together with tempol into the renal medulla. 97 This study demonstrated the limitations of using tempol as a chemical SOD mimetic because in the presence of high levels of O 2 ⅐Ϫ production it is capable of dismuting 2 O 2 ⅐Ϫ molecules by a direct reaction with O 2 ⅐Ϫ or its .OOH form thereby producing H 2 O 2 . 39 After these observations it was determined that acute intramedullary infusions of H 2 O 2 in Sprague Dawley rats reduced medullary blood flow and sodium excretion in a dose-dependent manner. 117 Importantly, it has now been shown that chronic intramedullary infusion of H 2 O 2 directly into the renal medulla produces blood pressure salt-sensitivity in rats. 81, 97 H 2 O 2 in these studies was administered in amounts to produce the elevations that were found in the renal medulla of the DETCϩtempol model of hypertension 97 and in the renal medulla of SS rats. 81, 82 Tissue O 2 ⅐Ϫ concentrations are elevated within the outer medulla of SS rats 81,82 so it is not surprising that H 2 O 2 concentrations have also been found to be nearly twice as great in the dialysate of SS rats compared to SS.13 BN rats even in the prehypertensive state when rats were maintained on a 0.4% NaCl diet. 94 H 2 O 2 was measured (using Amplex red fluorescence) in interstitial fluid collected from a microdialysis fiber implanted into the renal outer medulla. 94 Concentrations more than doubled in both the SS and SS.13 BN control strain after 1 week of a 4% salt diet, but levels remained significantly higher in SS rats. 94 The contribution of these elevated H 2 O 2 levels to the salt-induced hypertension in SS rats was illustrated when it was found that salt-induced hypertension was blunted nearly 50% in SS rats receiving a chronic medullary infusion of catalase into a single remaining kidney. 94 The extent to which O 2 ⅐Ϫ versus H 2 O 2 is responsible for the hypertensive effects remains unclear because saltinduced hypertension was attenuated by nearly the same extent (Ϸ50%) in SS rats receiving an intramedullary infusion of the NADP(H)-oxidase inhibitor apocynin 81 as those that received catalase. 94 34, 52, 102, 103, 118 It was found that Ang II (1 mol/L per L) failed to stimulate NO production in vasa recta pericytes as determined by DAF fluorescence. This same stimulus, however, significantly enhanced NO levels within the epithelial cells of isolated mTAL of Sprague Dawley rats. 118 Ang II was found to stimulate increases of vasa recta pericyte NO only when adjacent to a mTAL tubule indicating that the source of the increased pericyte NO was from the adjacent mTAL. The vasa recta endothelial cells were ruled out as a source of the pericyte NO because pericyte NO increased in deendotheli-alized vasa recta and Ang II was not able to increase NO in vasa recta endothelial cells of isolated intact vessels, a phenomenon attributable to a paradoxical reduction in intracellular Ca 2ϩ . 118, 119 Together these studies indicate that NO produced by the mTAL epithelial cells can diffuse to the pericytes of the surrounding vasa recta, a distance ranging from 50 to 200 mol/L. 119 Similarly, it was also found that O 2 ⅐Ϫ tubular-vascular cross-talk could also occur provided that tissue NO levels were kept at low levels to avoid scavenging of O 2 ⅐Ϫ . 93, 120 As with NO, Ang II failed to stimulate O 2 ⅐Ϫ production in pericytes of isolated vasa recta yet significantly increased O 2 ⅐Ϫ production in isolated mTAL. 120 This response (and responses stimulated by NaCl 102 ) appeared to be NAD(P)Hoxidase-dependent because it was inhibited by apocynin 120 and Tiron. 102 Ang II stimulation of tissue strips containing mTAL with surrounding vasa recta vessels provided no evidence of O 2 ⅐Ϫ cross-talk because even with proximity of vasa recta to mTAL, O 2 ⅐Ϫ levels failed to rise within the vasa recta pericytes. It was only when the tissue strips were bathed with the NO scavenger, carboxy-PTIO, that Ang II stimulation of mTAL produced an increase in O 2 ⅐Ϫ in the surrounding vasa recta pericytes. Conversely, when tissue O 2 ⅐Ϫ levels were reduced with the O 2 ⅐Ϫ scavenger tempol, there was a significant increase in the diffusion of NO from mTAL to the pericytes indicating that cross-talk of NO from mTAL to the vasa recta is also reduced by O 2 ⅐Ϫ . 120 These studies indicate that significant diffusion of O 2 ⅐Ϫ from mTAL to the surrounding vasa recta can occur, but only when tissue NO levels are at low levels as are present in the renal outer medulla of SS rats. 75, 76 Interactions of O 2 ⅐Ϫ and NO therefore appear to importantly modify the bioavailability of each other in a reciprocal manner within this outer medullary region.
These observations predicted that O 2 ⅐Ϫ cross-talk from mTAL to vasa recta might be exaggerated in the tissue of SS rats which were found to produce less NO and greater amounts of O 2 ⅐Ϫ within the outer medulla compared to control SS.13 BN rats. 75, 76, 81, 94 This was found to be the case with Ang II stimulation of outer medullary tissue strips that resulted in O 2 ⅐Ϫ tubular-vascular cross-talk in SS rats but not in SS.13 BN control rats. 93 Conversely, given the greater basal rates of O 2 ⅐Ϫ production in the mTAL of SS rats, NO cross-talk from mTAL to pericytes was observed in SS rats only when O 2 ⅐Ϫ in the tissue was scavenged with tiron. 93 These studies emphasize how important it is to understand the relative capacity of each tissue to intrinsically produce O 2 ⅐Ϫ and NO to meaningfully interpret the responses to various stimuli. These interrelationships are illustrated in the accompanying Figure. ⅐Ϫ ) systems and the subsequent cross-talk between the tubules and the vasa recta is depicted. When NO is produced by the mTAL and diffuses to the pericytes of the vasa recta, medullary blood flow (MBF) increases thereby reducing sodium reabsorption and shifting the renal function curve to the left. However, when NO is present at low levels, O 2 ⅐Ϫ then diffuses to the vasa recta and MBF is reduced, resulting in an increase of sodium reabsorption shifting the renal function curve to the right. These relationships can in turn be modulated by factors that stimulate or reduce nitric oxide synthase (NOS) and NAD(P)H-oxidase activity such as angiotensin II (Ang II).
Summary and Clinical Implications
The evidence has been reviewed supporting the view that the renal medulla plays an important role in the long-term control of arterial pressure and hypertension. As summarized in the accompanying Figure, this is a consequence of several important factors: (1) the contribution of medullary blood flow to pressure-natriuresis; (2) the ability of genetic factors, neuroendocrine factors, or pharmacological agents to alter the redox state of the outer medulla and thereby alter the balance of NO and O 2 ⅐Ϫ production; (3) tubular-vascular cross-talk of NO and O 2 ⅐Ϫ from the mTAL to the surrounding vasa recta vessels providing an important link between sodium delivery and transport in the mTAL to the capillary delivery of oxygen to the nephron segments of the outer medulla. Reactive oxygen species appear to affect tubular sodium reabsorption by directly altering transport in the mTAL and indirectly by altering MBF, and the relative contribution of these components at this time remains to be determined. A number of antihypertensive factors are enzymatically produced in the renal medulla that normally offset the ravages of oxidative stress. The ability of an individual to prevent the development of many forms of hypertension appears to depend importantly on the underlying buffering capability of NO production system. The HO and COX-2 systems also appear to contribute to counterbalancing the consequences of O 2 ⅐Ϫ production within medulla, but the contribution of these systems is less well understood. If the balance swings from a prevailing production of medullary NO (HO, kinins, and prostaglandins) to that of O 2 ⅐Ϫ , vasa recta flow will be reduced together with the ability of the kidney to excrete normal amounts of sodium. Normalization of this redox imbalance specifically within the renal medulla would be expected to slow the progression of hypertension and renal injury. These issues have not been considered in selecting antihypertensive therapies and may explain why some drugs such as renin-angiotensin system blockers have had a greater effect in reducing proteinuria in patients with diabetic nephropathy in whom pressure was relatively high, but not in those with relatively normal pressures. 121 
